A gene fusion encoding a plastid-targeted bacteriophage T7 RNA polymerase (T7RNAP) under the transcriptional control of the light-regulated promoter and the plastid-targeting signals of a ribulose-bisphosphate carboxylase/oxygenase (Rubisco) small-subunit (SSU) gene was introduced into the nuclear genome of Nicotiana tabacum (tobacco). Immunoblot analysis, in vitro transcription assays and protease treatment of isolated chloroplasts revealed that T7RNAP activity was localized within chloroplasts. RNA gel blot analyses showed a substantial increase in transcript abundance for several plastid genes that are normally transcribed by the nucleus-encoded plastid RNA polymerase (NEP) including rpoC1, rpl33, rps18, rps12, and clpP. By contrast, no signi®-cant changes were observed in the levels of psbD, 16SrDNA, and ndhA transcripts. These results suggest a possible direct or indirect T7RNAP-mediated enhancement of transcription of a subset of plastid genes that contain NEP promoters. Despite these alterations in plastid transcript levels, the plants showed no visible abberant phenotype.
Introduction
The plastid genome of higher plants contains approximately 120 genes that primarily encode components of the plastid genetic system and the photosynthetic apparatus.
Most plastid genes are organized into operons that are transcribed by at least two distinct RNA polymerase activities: the plastid-encoded plastid RNA polymerase (PEP) and NEP.
PEP is a multisubunit eubacterial-like RNA polymerase whose core subunits are encoded by the plastid rpoA, rpoB, rpoC1, and rpoC2 genes. It is responsible for the transcription of the photosynthesis genes and is the predominant transcriptional activity found in mature chloroplasts. PEP recognizes E. coli s
70
-type promoters containing TTGACA (±35) and TATAAT (±10) consensus elements, which are found upstream of most plastid transcription units. The recent identi®cation of nuclear genes encoding plastid-targeted sigma-like factors (SLFs) in Arabidopsis thaliana (Tanaka et al., 1997; Isono et al., 1997; Kanamura et al., 1999) and in a number of other higher plants (reviewed in Allison, 2000) suggests that promoter selection by PEP is controlled in a manner similar to that of the RNA polymerase of Escherichia coli. The differential expression patterns of genes coding for SLFs in tobacco (Oikawa et al., 2000) and maize (Sushmita et al., 2000) is indicative of their importance in regulating PEP-mediated gene expression.
The existence of NEP was established by the detection of transcription from non-PEP-type promoters in DrpoB plants (non-photosynthetic plants containing a plastid rpoB deletion) (Allison et al., 1996) , non-photosynthetic tobacco suspension cultures (Vera and Sugiura, 1995) and the non-green tissues of the barley albostrians (Hess et al., 1993) and maize iojap (Han et al., 1993) mutants, all of which lack PEP activity. The cloning and sequencing of nuclear genes from A. thaliana (Hedtke et al., 1997) , maize (Chang et al., 1999) , and wheat (Ikeda and Gray, 1999) encoding a plastid-targeted RNA polymerase has established that NEP is a single subunit enzyme sharing homology with the RNA polymerases of phage T3 and T7. Signi®cant conservation of functional domains and important catalytic residues between T7RNAP and the maize NEP has been described (Chang et al., 1999) . Moreover, NEP but not PEP has been shown to be capable of initiating transcription in vitro from a phage T7 promoter fragment and antibodies that recognize and inhibit NEP activity also recognize and inhibit T7RNAP (Bligny et al., 2000) .
Transcriptional patterns and transcript mapping in PEP-de®cient plants has revealed that plastid genes and operons can be assigned to three classes, those that contain (1) PEP promoters only, (2) both PEP and NEP promoters and (3) NEP promoters only. These studies have revealed that the photosystem genes are transcribed from PEP promoters and that genetic system genes are transcribed from both PEP and NEP promoters. This has led to the proposal that NEP is primarily responsible for the initiation and maintenance of the genetic system during plastid development (and in non-green tissues), and is largely replaced by PEP in mature chloroplasts. NEP, nevertheless, plays a crucial role in chloroplasts because it is exclusively responsible for transcription of the rpoB operon (Hess et al., 1993; Silhavy and Maliga, 1998) and accD (Hajdukiewicz et al., 1997) . Thus, NEP ultimately controls the production of PEP and, in consequence, other components required for normal plastid functions.
Sequence alignments around NEP transcription initiation sites (Hajdukiewicz et al., 1997; Hu Èbschmann and Borner, 1998) have identi®ed conserved elements in NEP promoters and their functionality has been con®rmed by assaying NEP promoter mutants in NEP-containing in vitro transcription reactions (Liere and Maliga, 1999; Kapoor and Sugiura, 1999) . NEP promoters consist of a conserved sequence block of about 15 nucleotides that contains a critical YRT motif located just upstream of the transcription initiation site. In addition, many NEP promoters contain a second conserved element of about 10 nucleotides located 10±20 nucleotides upstream of the YRT box. Non-consensus (exceptional) NEP promoters have also been identi®ed, for example, associated with clpP in tobacco (Sriraman et al., 1998) and the ribosomal RNA operon (rrn) in spinach (reviewed in Lerbs-Mache, 2000) . It is possible that these promoters require speci®c activating factors or they may be recognized by a second NEP activity. Evidence for the existence of an additional NEP activity derives from the isolation of functionally distinct NEP activities in spinach chloroplasts (Bligny et al., 2000) and the identi®cation of two genes coding for plastidtargeted NEP-like isozymes in A. thaliana (Hedtke et al., 2000) .
There is increasing biotechnological interest in developing strategies to direct high-level speci®c expression of transgenes within plastids. One such strategy involves placing the transgene under the transcriptional control of a non-plastid (e.g. phage) promoter and its cognate RNA polymerase. For example, constitutive expression of a nucleus-encoded, plastid-targeted T7RNAP has been reported to direct the speci®c expression of a T7 promoter±GUS transgene located in the tobacco plastid genome (McBride et al., 1994) . However, it was not determined whether the accumulation of T7RNAP, a NEPlike RNA polymerase, within plastids affected transcription of the native plastid genes. Given the similarities between NEP and T7RNAP (discussed above), the possibility of transcriptional interference as a direct or indirect consequence of the presence of T7RNAP within plastids merits investigation.
In the present report, the aim was to determine whether the accumulation of T7RNAP in chloroplasts affected wild-type patterns of plastid gene transcription. Transgenic tobacco plants were generated which expressed a chimeric gene coding for a plastid-targeted T7RNAP under the control of a light-regulated promoter (hereafter referred to as SSU-T7 plants). RNA transcript levels were then compared for a number of genetic system genes (rpoC1, 16S rDNA, rpl33, rps18, and rps12), a photosystem gene (psbD) and the gene encoding the proteolytic subunit of the Clp ATP-dependent protease (clpP) in wild-type and SSU-T7 plants.
Fully expanded leaves of SSU-T7 plants contained increased levels of RNA transcripts for rpoC1, rpl33, rps18, rps12, and clpP when compared with wild-type plants whereas transcript levels for psbD, 16S rDNA and ndhA were largely unchanged. All of the genes showing increased transcript levels contain NEP promoters, suggesting that increased accumulation of transcripts was caused either by T7RNAP-mediated transcription from NEP promoters or by increased NEP activity in SSU-T7 plants.
Materials and methods

Plasmid construction
The Agrobacterium tumefaciens binary vector pBinTGS25 which contains the SSU-T7 RNA polymerase translational fusion was constructed as follows. The SSU promoter and adjacent sequences encoding the transit peptide and 25 amino acids of the mature SSU (Mazur and Chui, 1985) was excised as a HindIII/MfeI restriction fragment from plasmid pCAR2 (unpublished plasmid) and ligated into the HindIII/EcoRI digested plasmid pAR3132 (Dunn et al., 1988) . This resulted in the creation of an in-frame fusion of codon 25 of mature SSU with codon 11 of the T7RNAP gene. This gene fusion (ST25) was excised as a HindIII/BamHI fragment and ligated upstream of the nopaline synthase (nos) terminator region (Jefferson et al., 1987) in plasmid pRok2, a derivative of plasmid pBin19 (Bevan, 1984) .
A GUS expression cassette was cloned downstream of the ST25 gene fusion in pBinTGS25 and was constructed as follows. The CaMV 35S promoter (Odell et al., 1985) was excised by EcoRI/ BamHI digestion from plasmid pRok1 (Baulcombe et al., 1986) and was ligated with a BamHI/EcoRI restriction fragment containing the GUS gene (uidA locus of E. coli) and the nos terminator. Both fragments were ligated into the EcoRI site immediately downstream of ST25 to give pBinTGS25.
Transformation of tobacco
Nuclear transformation was carried out by cocultivation of wounded tobacco leaf tissue with A. tumefaciens LBA4404 and the regeneration of kanamycin-resistant plants as described by Horsch et al. (1985) .
RNA gel-blot analyses Total leaf RNA was prepared from fully expanded leaves using the method described by Kristel et al. (1996) except that liquid nitrogen was used for sample homogenization. RNA was electrophoresed on 1% agarose±formaldehyde gels and blotted onto Hybond-N membranes (Amersham) by capillary transfer (Sambrook et al., 1989) . Double-stranded DNA probes were prepared by random-primed 32 Plabelling of PCR-generated fragments. The sequence of the PCR primers and their positions in tobacco plastid DNA (Shinozaki et al., 1986) are shown in Table 1 .
RNA gel-blot hybridizations with 32 P-labelled probes and subsequent membrane washing was carried out as described in Maniatis et al. (1982) . Signal detection was carried out by autoradiography using X-ray ®lm (AGFA) and Hyperscreen intensifying screens (Amersham).
In vitro T7RNAP transcription assay T7RNAP activity was assayed by the incorporation of [a-32 P] UTP (Amersham) into phage T7 DNA transcripts from 5 ml of total leaf or puri®ed chloroplast proteins. Reactions were carried out in 30 ml ®nal volume transcription assay mixture (40 mM TRIS±HCl, pH 8, 6 mM MgCl 2 , 10 mM dithiothreitol, 2 mM spermidine. 0.2 mM A/C/GTP, 0.1 mM UTP, and 1 mCi of [a-32 P] UTP) that was incubated at 37°C for 30 min. Bovine serum albumin (0.5 mg ml ±1 ) and tRNA (1 mg ml ±1 ) was added and transcripts were precipitated by the addition of trichloroacetic acid (10%) and incubation on ice for 30 min. Transcripts were recovered by microfugation and count per minute (cpm) values were determined for the radioactive pellet using the Packard Tri-Carb R 1500 liquid scintillation analyser.
Protein preparation and quantitation
Total soluble leaf and root proteins were prepared by homogenization of tissue in 50 mM sodium phosphate, pH 7, 10 mM bmercaptoethanol, and 1% Triton X-100 with a mortar and pestle in a 2:1 buffer to tissue ratio. Following a brief centrifugation protein concentration was determined using the Bradford assay (Bradford, 1976) .
Immunoblotting
Proteins were resolved in 6.75% denaturing sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS±PAGE) as described by Sambrook et al. (1989) . Protein samples were prepared for SDS±PAGE as described by Laemmli (1970) . Protein was transferred to nitrocellulose membranes (Schleicher & Schuell) in a BioRad TransblotÔ apparatus at 120 mA overnight. The membrane was blocked with non-fat dried milk and incubated with polyclonal anti-T7RNAP antibodies. Signal detection was carried out by chemiluminescence using 5-bromo-4-chloro-3-indolyl phosphate (40 mg ml ±1 ) and nitro blue tetrazolium (80 mg ml ±1 ).
Chloroplast isolation
Green leaves (2±3 g) were gently disrupted by a few short bursts using a Moulinex blender in ice-cold GR buffer as described by Bartlett et al. (1982) . The homogenate was ®ltered through two layers of miracloth and centrifuged at 1500 rpm for 10 min at 4°C. Crude chloroplast pellets were resuspended in 2 ml of GR buffer and intact chloroplasts were isolated by sedimentation in Percoll density gradients (Bartlett et al., 1982) . Intact chloroplasts were washed free of Percoll and resuspended in 330 mM sorbitol, 50 mM HEPES, pH 7.5 (SH buffer) at a chlorophyll concentration of 0.5 mg ml ±1 . Chlorophyll concentration was determined as described by Arnon (1949) .
Protease protection experiments
Intact chloroplasts were incubated on ice for 30 min with thermolysin protease Type X (Sigma) at a concentration of 250 mg thermolysin mg ±1 of chlorophyll. Intact chloroplasts were lysed by the addition of Triton X-100 to 0.1%. Thermolysin activity was inhibited by the addition of EGTA (ethylene glycol-bis(baminoethyl ether) N,N,N¢,N¢-tetraacetic acid (Sigma)) to a ®nal concentration of 20 mM. Table 1 . The sequence of the PCR primers and their positions in tobacco plastid DNA (Shinozaki et al., 1986) C denotes that the identifying nucleotide is complementary to the nucleotide at that position in plastid DNA.
Gene
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Results
Generation and analysis of transgenic tobacco lines expressing a plastid-targeted T7RNAP (SSU-T7 plants)
In order to generate transgenic plants with the potential to express T7 promoter-controlled transgenes located on the chloroplast genome, N. tabacum was transformed with a nuclear transgene coding for a plastidtargeted T7RNAP. To achieve this, a binary vector, pBinTGS25, was constructed which contained a gene fusion (ST25) consisting of the SSU promoter and adjacent sequences encoding the transit peptide and the N-terminal 25 amino acids of the mature SSU protein, fused in-frame with the gene coding for T7RNAP (Fig. 1) . The SSU promoter was chosen to control ST25 expression in order speci®cally to direct highlevel expression in green tissues (Jefferson et al., 1987) and, therefore, avoid the potentially deleterious effects of constitutive expression of T7RNAP during embryo and seed development. The SSU transit peptide has been shown to confer ef®cient accumulation of fusion proteins in plastids (Comai et al., 1988) . In addition, pBinTGS25 contained the GUS gene cloned downstream of ST25, and placed under the control of the constitutive CaMV 35S promoter and the nos terminator region. Kanamycin-resistant SSU-T7 plant lines were regenerated following A. tumefaciens-mediated transformation. GUS expression was used as a simple biochemical marker of transformation and was used to follow the segregation of ST25 in the progeny of transgenic plants (results not shown). Plant lines segregating 3:1 for the kanamycin resistance gene (and presumably the linked ST25 gene) were identi®ed by germinating seeds from selfpollinated primary transformants in the presence of kanamycin.
The ST25 fusion protein shows leaf-speci®c expression and accumulation in chloroplasts ST25 expression was detected by immunoblot analysis of total leaf protein preparations from SSU-T7 plants using anti-T7RNAP antibodies ( Fig. 2A) . ST25 was detected as a single band with the expected molecular mass of about 100 kDa which was absent in wild-type plants. As expected for nuclear transformed plants, the levels of ST25 varied between SSU-T7 lines, with some plants containing barely detectable levels while others contained levels several-fold higher than the level corresponding to 10 units of puri®ed commercial T7RNAP that was loaded as a positive control. Leaf-speci®c expression was demonstrated by showing that ST25 was not detected in a total root protein extract from a high expressing line (Fig. 2B) .
In order to determine the subcellular location of ST25 in the leaves of SSU-T7 plants, puri®ed intact chloroplasts were isolated, treated with the protease thermolysin which degrades externally-associated proteins and analysed for the presence of ST25 by immunoblotting (Fig. 2C) . ST25 was shown to be protected from proteolysis in thermolysin-treated intact chloroplasts, but was degraded when chloroplast membranes were disrupted with Triton X-100 prior to the thermolysin treatment. An estimate of the ef®ciency with which ST25 is targeted into chloroplasts was obtained by comparing the levels of ST25 in a total leaf protein extract and in intact chloroplasts. Since each of the protein samples analysed contained similar levels of ST25 and similar levels of the Rubisco large subunit (LSU), a marker of chloroplast stromal protein content, it can be concluded that ST25 is ef®ciently targeted to chloroplasts in SSU-T7 plants (Fig. 2C) .
Plants expressing the ST25 fusion protein possess a very stable T7RNAP activity Following translocation into chloroplasts, the ST25 fusion protein is predicted to comprise T7RNAP with an N-terminal extension consisting of the ®rst 25 amino acids of the mature form of SSU. For this reason, it was necessary to demonstrate that ST25 retained enzymatic activity. In order to test this, total leaf protein extracts from a number of SSU-T7 plants were analysed for T7RNAP activity using an in vitro transcription system and phage T7 DNA as template. The template speci®city of the in vitro transcription system was demonstrated by showing that transcription was observed only when phage T7 DNA was included in the in vitro transcription assays; transcription was not observed either in the absence of T7 DNA or when phage lambda DNA was used as a substitute template (results not shown). Using this system, T7RNAP activity was shown to be present in the leaves of seven SSU-T7 plant lines whereas wild-type plant leaves contained negligible activity (Fig. 3A) . The activity values for the group of plants analysed ranged between 0.4 and 1.4 units mg ±1 of total leaf protein. In addition, it was shown that the T7RNAP activity, like the ST25 fusion protein, was localized within chloroplasts by performing in vitro transcription assays on isolated intact chloroplasts that had been treated with thermolysin (data not shown).
Transcription directed by the SSU promoter is rapidly down-regulated when plants are placed in continuous darkness (Giuliano et al., 1988; Fritz et al., 1991) . On the assumption that this would prevent further ST25 transgene expression, an estimate of the stability of the ST25 fusion protein in vivo can be obtained by transferring SSU-T7 seedlings to total darkness and monitoring the decline in T7RNAP activity levels over time. ST25 was found to be very stable in vivo. Indeed after 16 d in total darkness, SSU-T7 seedlings still retained approximately 50% of the T7RNAP activity present on day zero (Fig. 3B) .
SSU-T7 plants show increased accumulation of transcripts from genes containing NEP promoters
In order to investigate the potential transcriptional consequences of T7RNAP accumulation within chloroplasts, transcript levels for several plastid genes were examined by RNA gel-blot analysis of total leaf RNA extracted from an SSU-T7 plant expressing a high level of T7 RNAP activity (Fig. 4) . Two groups of plastid genes were (Nos 15, 23, 24, 28, 29, 33, and 35) . Wt denotes wildtype non-transgenic plant. One unit of T7RNAP is the enzyme activity that incorporates 1 nmol of UMP into acid-precipitable RNA products in 60 min at 37°C. Unit values for T7RNAP activity in SSU-T7 plants were derived by comparison with a puri®ed commercial enzyme preparation. (B) Stability of T7RNAP activity in vivo. SSU-T7 seedlings were placed in total darkness and T7RNAP activity was determined at ®ve time points: days 0, 1, 5, 9, and 16 following exposure to total darkness. The activity present at day 0 was set at 100%.
identi®ed based on a comparison of transcript levels in fully expanded leaves of wild-type and SSU-T7 plants. Group I included plastid genes whose transcripts showed signi®cantly higher levels of accumulation in SSU-T7 plants relative to wild-type plants (Fig. 4A) . Genes belonging to this group include rpoC1 which codes for the b¢ subunit of PEP (Shinozaki et al., 1986) , rpl33, rps18 and rps12 which encode plastid ribosomal proteins (Shinozaki et al., 1986) , and clpP which encodes the proteolytic subunit of the ClpP ATP-dependent protease (Gray et al., 1990; Maurizi et al., 1990) . Group II included plastid genes for which similar transcript levels accumulated in both wild-type and SSU-T7 plants (Fig. 4B ). This group included psbD which encodes the D2 subunit of photosystem II (Shinozaki et al., 1986) , 16S rDNA encoding the plastid 16S rRNA (Shinozaki et al., 1986) , and ndhA which codes for a subunit of the plastid NADH dehydrogenase complex (Matsubayashi et al., 1987) .
The complex polycistronic mRNA patterns typical of most plastid genes was essentially the same in wild-type and SSU-T7 plants despite the considerable increase in transcript levels for group I genes in SSU-T7 plants. One exception to this observation relates to the third smallest transcript (approximately 1.6 kb in size) detected in RNA samples hybridized with the 3¢-rps12 probe (Fig. 4A) . The SSU-T7 sample showed a disproportionate increase in the level of this transcript relative to other transcripts. This may have been caused by unequal levels of T7RNAP-mediated transcription of the rps12`split gene' or by increased stability of this transcript in the presence of T7RNAP.
Discussion
The elimination of PEP activity in DrpoB plants revealed that NEP is responsible for the transcription of genetic system genes and some other genes (e.g. clpP), but not the photosystem genes (Allison et al., 1996; Hajdukiewicz et al., 1997) . In DrpoB plants, mRNAs from PEPtranscribed genes were absent whereas mRNAs from NEP-transcribed genes showed increased accumulation relative to the levels found in wild-type plants. Promoter mapping studies revealed that genes which contained both PEP and NEP promoters were transcribed from PEP promoters in wild-type plants, but from NEP promoters in DrpoB plants. For this reason it was proposed that the absence of PEP may have initiated a feedback mechanism resulting in increased NEP activity and, consequently, an increase in the abundance of transcripts from genes containing NEP promoters (Hajdukiewicz et al., 1997) .
In the present study, transgenic plants were produced that accumulate high levels of T7RNAP activity in chloroplasts. These plants show a T7RNAP-dependent increase in the steady-state mRNA levels for genes that are transcribed by NEP. The plastid genes surveyed were representative of the three classes of plastid genes, i.e. genes transcribed from PEP promoters (psbD and ndhA), from both PEP and NEP promoters (16S rDNA, rpl33, rps18, rps12, and clpP) and from NEP promoters alone (rpoC1). Of these increased transcript abundance was found for rpoC1, rpl33, rps18, rps12, and clpP (designated group I genes) in SSU-T7 plants whereas transcript levels for psbD, 16S rDNA and ndhA (designated group II genes) were largely unchanged. Of the group II genes, psbD and ndhA are transcribed exclusively by PEP while the 16S rDNA is transcribed by both PEP and NEP. This suggests that the observed increase in transcript accumulation in the plastids of SSU-T7 plants is speci®c for genes that contain NEP promoters.
However, although the tobacco rrn operon contains both a NEP and a PEP promoter (Vera and Sugiura, 1995) there was no apparent increase in 16S rRNA levels in SSU-T7 plants. Indeed DrpoB plants were reported to accumulate reduced levels of 16S rRNA relative to wild-type plants despite the ®nding that two other NEP-transcribed genes analysed (rpl16 and atpI) showed increased transcript levels (Allison et al., 1996) . It was proposed that the reduction in 16S rRNA levels in DrpoB plants, despite the presence of a NEP promoter, was caused by the inability of NEP to replace the very high levels of 16S rRNA transcribed predominantly by PEP in the chloroplasts of wild-type plants. In the case of SSU-T7 plants, any increase in 16S rRNA transcript levels may have been too small to be detectable relative to the very high background levels of this transcript.
Several hypotheses may be advanced to explain the increased abundance of particular plastid mRNAs in SSU-T7 plants. One possibility is that the increases are due to T7RNAP-mediated transcription from NEP promoters. This hypothesis is supported by the following observations (a) T7RNAP shares substantial homology with NEP (Chang et al., 1999) , (b) T7RNAP activity is inhibited by anti-NEP antibodies (Bligny et al., 2000) and (c) NEP can initiate transcription from a T7 promoter at least in vitro (Bligny et al., 2000) . It therefore seems reasonable to speculate that T7RNAP might also be capable of directing transcription from NEP promoters despite the high sequence speci®city shown by T7RNAP for its cognate phage promoters and the fact that the speci®c amino acid residues which confer promoter recognition in T7RNAP (Rong et al., 1998) are not conserved in the maize NEP enzyme (Chang et al., 1999) . It may also be possible that recognition of NEP promoters by T7RNAP is facilitated by transcription factors present in chloroplasts. Alternatively, the presence of T7RNAP activity in chloroplasts may have triggered a feedback mechanism resulting in increased NEP activity as proposed for DrpoB plants (Allison et al., 1996) and recently supported by the observation of a more than 2-fold increase in transcripts of one of the tobacco NEP genes (RpoT3) in DrpoA plants (Hedtke et al., 2002) . Increased levels of NEP activity in plastids might, in consequence, result in increased transcription of genes containing NEP promoters. Finally, the possibility cannot be ruled out that the observed increases in transcript abundance might also be the result of increased mRNA stability in SSU-T7 plants, although it is dif®cult to account for a mechanism that would confer increased stability on a speci®c subset of plastid transcripts.
SSU-T7 plants containing high levels of T7RNAP activity showed no visible aberrant phenotype, despite the increased levels of some plastid transcripts. This may be due to the fact that T7RNAP expression was restricted to green tissues in SSU-T7 plants. Furthermore, because of the importance of post-transcriptional processes in determining plastid gene expression levels, increased transcript accumulation does not necessarily result in altered levels of the encoded proteins.
